Summary
The Drosophila developmental gene, engrailed, encodes a sequence-specific DNA binding activity. Using deletion constructs expressed as fusion proteins in E. coli, we localized this activity to the conserved homeodomain (HD). The binding site consensus, TCAATTAAAT, is found in clusters in the engrailed regulatory region. Weak binding of the En HD to one copy of a synthetic consensus is enhanced by adjacent copies. The distantly related HD encoded by fushi farazu binds to the same sites as the En HD, but differs in its preference for related sites. Both HDs bind a second type of sequence, a repeat of TAA. The similarity in sequence specificity of En and Ftr HDs suggests that, within families of DNA binding proteins, close relatives will exhibit similar specificities. Competition among related regulatory proteins might govern which protein occupies a given binding site and consequently determine the ultimate effect of cisacting regulatory sites.
Transcriptional regulators of gene activity are expected to play important roles in directing embryonic development. Among the prime candidates for such regulators are a group of recently identified Drosophila developmental genes (Garcia-Bellido, 1975; Lewis, 1978; Nusslein-Volhard and Wieschaus, 1980) . Mutations that affect these developmental regulators often alter the spatial patterns of expression of other regulatory genes (Hafen et al., 1984; Carroll and Scott, 1986; Harding et al., 1986; Howard and Ingham, 1986; DiNardo and O'Farrell, 1987) . Extensive studies of this type have led to the proposal that the developmental genes interact in a complex regulatory network (reviewed in Scott and O'Farrell, 1986 ). It appears that this regulatory network progresses through a sequence of stages, each involving new regulators and each characterized by more detailed spatial distributions of the regulators involved. Apparently, the regulatory interactions of this network guide formation of embryonic pattern. Many of the genes involved in this regulatory network are related by a region of sequence homology, the homeodomain (HD) (McGinnis et al., 1984b; Scott and Weiner, 1984) . Consequently, gene duplication and divergence are thought to have played important roles in the evolu-tionary origin of the developmental genes (Lewis, 1951; McGinnis et al., 1984a) . If functional constraints dictate the extraordinary evolutionary conservation of the 60 amino acid HD sequence, the genes encoding an HD must have functional similarities (McGinnis et al., 1984a) . The presence of an HD in many of the Drosophiladevelopmental genes suggests that reiteration of some fundamental interactions might underlie the regulatory network guiding pattern formation @ 'Farrell et al., 1985) .
Several lines of evidence have suggested that one of the functions of the HD is sequence-specific DNA binding. First, there is considerable homology of the HD with the yeast transcription factors, MATal and MATa2, and more distant homology to the helix-turn-helix structural motif of prokaryotic DNA binding proteins (Laughon and Scott, 1984; Shepherd et al., 1984) . Second, HD-containing proteins are localized to the nucleus (for examples, see White and Wilcox, 1984; Beachy et al., 1985; Carroll and Scott, 1985; DiNardo et al., 1985) . Third, a fusion protein containing part of the engrailed encoded protein, including the HD, has sequence-specific DNA binding activity in vitro (Desplan et al., 1985 ; see also Fainsod et al., 1988) . Here we will provide further evidence that the DNA binding is specified by the HD sequences.
The demonstration that specificity of DNA binding is defined by such a highly conserved sequence provokes a new question. What is the relationship of the sequence specificity of the HDs found in various developmental regulators? We show here that the sequence specificities of the HDs encoded by the engrailed and fushi tarazu genes (En HD and Ftz HD) are very closely related. We suggest that evolution has created a family of regulators with related binding specificities. As in the case of the bacteriophage lambda regulators, repressor and cro, the HDcontaining regulators might function in an interdependent fashion because of similarities in binding specificity (Ptashne, 1986) .
Results
Specific DNA Binding Maps to the Homeodomain To define the domain of the engrailedencoded protein (En protein) that specifies DNA binding, we examined the activity encoded by the constructs outlined in Figure 1 . Various parts of the engraileci (en) coding sequence were fused to 6-galactosidase ( Figure 1 , parts A, B, E, and F) or calcitonin (Figure 1 , parts C and D) coding sequences. While the fusions are not likely to precisely mimic all the functions of the natural gene product, gene fusions have been used successfully to localize functional domains within proteins (Hall et al., 1984; Johnson and Herskowitz, 1985; Picard and Yamamoto, 1987) . Here the fusions provide antigenic tags used in a convenient immunoprecipitation assay for DNA fragment binding activity (McKay, 1981) . All constructs were tested in this fragment binding assay using antibodies to either 8galactosidase or calcitonin (Figures 1 and 5) . Desplan et al., 1965) . The fusion contains 44 residues N-terminal to the HD and 39 residues extending from the end of the HD to the natural stop codon. (6) Deletion of a C-terminal segment of en coding sequences replaces the last amino acid of the En HD (thr to ser, hatched line). Translation terminates at a TGA codon immediately after the altered amino acid. (C) and (D) In these two constructs (Theis et al., unpublished data), smaller C-terminal parts of the En protein are fused to part of the preprocalcitonin rather than 6galactosidase. Fusion C contains 11 residues N-terminal to the HD, while D contains 41. (E) Cleavage at the Bglll site, within the homeobox, and fusion to a different ORF (hatched line) results in an HD truncated beyond position 47 and lacking half of the putative recognition helix. (F) This is an 11 residue deletion that removes amino acids 46 to 56, inclusively. This deletion removes half of the putative recognition helix. (G) The Ftz construct includes 110 residues N-terminal to the HD and extends to the natural termination codon 97 residues C-terminal to the HD. The only homology between the En and Ftz proteins is within the HD (thick line). The Ftz protein expressed is derived from the Oregon R cDNA, which is proposed to encode a 410 amino acid protein (Laughon and Scott, 1964) . The cloned ftz cDNA was generously provided by A. Laughon and M. P. Scott. The N-terminal 442 and the C-terminal 40 amino acid residues of the En protein were found to be dispensable for sequence-specific DNA binding. Taken together, these truncations suggest that the binding activity lies within a region beginning 11 amino acids N-terminal to the HD and extending through 59 residues of the HD. As expected from the predictions based on homology, constructs altered in the presumed recognition helix (Figure 1 , parts E and F) show no DNA binding. Extracts from cells expressing inactive fusions served as controls demonstrating the specificity of the assays used (data not shown).
In the experiments presented here, we used construct A (Figure l) , the En fusion, or construct G (Figure I) , the Ftz fusion. Many of the described features have also been confirmed with protein constructs C or D as noted in the figure legends.
A DNA Sequence Recognized by the En Fusion Protein Sites bound by the En fusion protein were located by DNAase I protection (Figure 2) . We analyzed the fragments most efficiently bound in the immunoprecipitation assay: a 870 bp fragment upstream of en coding sequences, a 341 bp fragment in the first intron of en, and a fragment 3'to the ffz coding region (Desplan et al., 1985;  and Figure 3A) . The left panel of Figure 2A shows two of the regions within the 870 bp fragment that were footprinted by the En fusion (the Ftz fusion will be discussed below). Flanking the positions of nuclease protection (-), we detected a number of DNAase I hypersensitive sites (+h Comparison of protected regions showed that all have at least one sequence approximating the 10 bp consensus TCAATTAAAT (Figure 3 ). Figure 36 aligns 21 sequences from which the consensus sequence was derived (the data from D. virilis en DNA will be described in detail elsewhere; J. Kassis, C. Desplan, D. Wright, and l? O'Farrell, unpublished data). In most cases, this consensus is repeated within the protected region. For example, protected region 1 contains three tandemly repeated sequences spaced by a single nulceotide.
In our earlier work (Desplan et al., 1985) we showed that a few restriction fragments of lambda DNA were specifically bound by the En fusion protein. If the consensus sequence represents the preferred binding site, it should also be found in these DNA fragments. Indeed, two of the lambda fragments contain sequences matching the consensus (Figure 38 ). They have not been footprinted.
The En Fusion Protein Binds to Repeats of a Synthetic Consensus
The various footprinted regions identified in Drosophila DNA are clustered and some of these footprinted regions contain several copies of the consensus (Figure 3) . To test the sufficiency of the consensus sequence for binding, we built DNA fragments containing single or multiple copies of a synthetic consensus, TCAATTAAATga (NP sequence). The G and A at the end of the 10 bp consensus were added primarily to create a restriction site between repeats of the sequence (but see consideration of symmetry below). We examined En fusion protein binding to fragments containing single or multiple copies of NP ( Figure  4A ). The relative efficiency of binding these fragments was compared in the presence of increasing amounts of competing DNA. A fragment carrying one copy of the consensus was bound only poorly, while fragments carrying two or more synthetic sites were bound very effectively ( These positions of cleavage are repeated in each subsequent copy of the NP sequence having the same orientation (copies 1 to 4). A characteristic pattern of protectionlenhancement due to the En protein extract is observed in each of these copies. This pattern changes for copies 5 and 6, which are in the opposite polarity. Calcitonin fusions C and D (see Figure 1 ) exhibit a similar pattern of protection. (C) Concentration of En HD fusion protein extract required to protect one or three copies of the LP sequence (see Figure 48 ). Fragments LPI and LPs were footprinted with increasing amounts of the extract: no extract (0); 1.3 (1); 2.7 (2); 5.5 (3); 11 (4); 22 (5); or 44 ug (6) Each footprinted region is designated with a number. The sequences of five footprinted regions are given, and positions matching the consensus (see 6) are in upper case. Where a footprinted region (e.g., 1) includes more than one consensus site, these are distinguished with a prime (e.g., 1, l', and 1"). Clal sites to the left of the illustrated sequences are the positions at which label was incorporated for analysis of DNAase I protection. Symmetry plays an important part in characterized protein DNA complexes. In these, symmetric dimers or tetramers make similar contacts on either side of a palindromic site. The consensus sequence defined by our analysis has only weak palindromic features. Positions 3, 5, and 6 and positions 7, 6, and 10 are symmetric with a dyad between positions 6 and 7. The synthetic consensus (NP) was made more symmetric by the addition of two nucleotides. The prokaryotic precedents and the effectiveness of the nearly palindromic NP sequence led us to test the importance of symmetry in the site. Since A is preferred at position 4 (see above), symmetry would predict a T at position 9 rather than the consensus A. We tested the effect of a T for A substitution on binding. We refer to this substituted sequence as the left palindromic, or LP sequence, because of its relationship to the left half of the NP sequence ( Figure 48 ). As shown in Figure 5 , fragments carrying different numbers of copies of LP bind about as well as fragments carrying the same number of copies of NP. Consequently, there is no distinct preference of T over A at position 9, in contrast to the distinct preference for A at position 4. Thus, these symmetrically disposed positions appear to make different contributions to binding.
The En Fusion Binds Cooperkively to Repeated Sites In order to more precisely define how the En protein recognizes repeated synthetic sequences, we performed DNAase I protection experiments at several concentrations of the En fusion protein. The NPr, sequence exhibited a periodic pattern of DNAase I protection (Figure 28) . A strong enhancement appeared between the 12th bp of the synthetic repeat and the 1st bp of the next repeat.
As expected from the weak binding of a fragment containing a single site, we did not see complete protection of an isolated NP site. However, high concentrations of extract resulted in partial protection and strong enhance-(A). The sequences marked "en vir" are the corresponding regions in the en gene of D. virilis (Kassis et al., unpublished data) . The ftz footprinted regions are located 3'to the frzgene (see Desplan et al., 1965) . Each distinct footprint is designated by a number. Most of these footprinted regions contain several sequences that can be aligned, and each distinct alignment is indicated with the number of the region (e.g., sites 1, l', and 1"). All these aligned sites are present within regions protected from DNAase I digestion by the En fusion protein (e.g., Figure 2A) .
The consensus is defined as the average between all these aligned sequences.
The number of sites matching the consensus at each particular position as well as the score of each individual sequence matching the consensus are indicated. Three of the consensus sequences, en vir 2', ftz l', and lambda 2', are aligned on the strand opposite to the other represented sequences.
The sites in lambda DNA are sequences present in fragments bound by the fusion protein. The sequences within these fragments that exhibit homology to the consensus are aligned. They have not been footprinted. The G and A (positions 11 and 12) were added in order to create a Bell site at the junction between two consensus sequences.
The arrows indicate the orientations of the consensus sequences in cloned repeats. Note that the addition of the G and A at positions 11 and 12 creates a sequence in the opposite polarity that matches the consensus at 9 out of 10 positions. One or several copies of the NP sequence were cloned in various orientations within the BamHl site of the M13mp18 polylinker. (8) The NP sequence is nearly palindromic, imperfect at positions 4 and 9, which are both A. Palindromic sequences were synthesized by duplicating in the opposite polarity the left six bases (left palindrome, LP) or duplicating the right six bases (right palindrome, RP) of the NP sequence.
Various numbers of copies of the LP and RP sequences were cloned into the BamHl (LPI, LPs, and RP sequences) or Smal (LPa) sites of M13mp18. ments at positions similar to those described for the footprint of site 1 in the NPa fragment (data not shown). We conclude that the En fusion binds to a single copy of the synthetic consensus, albeit weakly. Similarly, a single copy of LP was only protected at high concentrations of En fusion. The presence of adjacent sites dramatically reduced the concentration of fusion needed to produce protection (compare LPI and LPs in Figure 2C ). This demonstrates a form of cooperativity between sites.
The DNA Binding Specificities of En and Ftz Fusions are Related If sequence-specific DNA binding is one of the fundamental functions of HDs, we would expect this activity to be conserved among the family of proteins containing this element. Indeed, an HD-containing Ftz fusion protein had sequence-specific DNA binding activity (Figure 1 ). The sequence specificities of the Ftz and En fusion proteins were closely related. All sites footprinted by one fusion were also footprinted by the other (e.g., Figure 2A ). The footprints produced by the two proteins differed somewhat in the strength of enhancements, the effectiveness of protection and the size of the protected region (Figure 2A ). Both En and Ftz fusions bound to fragments carrying NP, LP and RP sites and had higher affinities for fragments with increasing numbers of sites (data not shown). Despite close parallels in the sequence recognized and the influence of site repetition, the two proteins differed slightly in site preference. Figure 5 shows that the En fusion greatly favored LP sequences over RP sequences. While the Ftz fusion also preferred LP sites to RP sites, it did not discriminate between these sites as well as the En fusion did ( Figure 5 ).
A Sequence Unlike the Consensus
Is Bound by the En and Ftz Fusion Proteins It is possible that En and Ftz HDs can also recognize other specific sequences that did not occur within the DNA we have analyzed. We were led to suspect this because a different consensus binding sequence has been described for the Ubx encoded protein (Ubx protein), which has an HD closely related to the Ftz HD (P Beachy, M. Krasnow, L. Gavis, and D. Hogness, personal communication; also see Robertson, 1987) . This consensus sequence, deduced from Ubx protein binding to sites in the putative regulatory regions of the Ubx and Antp genes, consists of repetitions of the trinucleotide TAA, with an apparent preference for five copies, (TAA)5. We found that the En fusion could also bind the (TAA)s-like sequences present in Ubx and Anfp DNA, although these sites were bound more weakly than sites matching the NP consensus in en DNA (data not shown). Both the En fusion and the Ftz fusion bound to synthetic versions of the (TAA)s sequence, but, relative to LP*2 (see legend of Figure 5) the Ftz fusion bound the TAA type of sequence better than the En fusion. Consequently, it appears that both of these HD-containing proteins can bind two different types of sequences but with differing preferences.
To probe the relationship of the activities responsible for binding TAA and NP sequences, we tested whether the two types of sequences compete with each other for binding. Synthetic oligonucleotides representing NP and (TAA)B were ligated and used as competitors. The binding of one type of oligonucleotide prevented binding of the other ( Figure 5 and data not shown). Thus, the extract contains a single activity that binds both sequences. Furthermore, binding of the two sequences must rely on interdependent sites or even the same site on the protein.
Discussion
Molecular characterization of eukaryotic transcription factors has increasingly supported the generalization that these regulators are organized in families of evolutionarily related members (Chowdbury et al., 1987; Evans and Hollenberg, 1988; Jones et al., 1988) . Recently, it has become apparent that some regulators are related not only by sequence homology but also by similarities in their DNA binding specificity. This is particularly well documented for the hormone receptors for mineralocorticoids, glucocorticoids, and progesterone, all of which can activate transcription from the same enhancer region (the MMTV LTR, Chandler et al., 1983; Cato et al., 1986; Arriza et al., 1987) . Progesterone and glucocorticoid receptors bind to the same sequences with subtle differences that can influence the relative strength of binding to different sites (Chalepakis et al., 1988) . The more diverged estrogen receptor has a distinct specificity (Green and Chambon, 1987) . Other examples of regulators with overlapping sequence specificity include members of the Jun-Apl family (Struhl, 1987; Franza et al., 1988 ) and a number of CAAT binding proteins (Jones et al., 1988) .
The highly conserved homeodomain (HD) sequence identifies a large family of related regulators (Gehring and Hiromi, 1986) . The Drosophila members of this family function together in a regulatory network guiding embryonic pattern formation. Because many of the Drosophila genes encoding HD-containing proteins have been identified by mutation, these regulators might be particularly amenable to analyses exploring the functional interrelationships that tie a family of regulators together. Our data suggest the possibility that one such tie might be overlapping sequence specificities of different HD-containing proteins.
The Homeodomain
Is Responsible for Sequence-Specific DNA Binding As had been predicted on the basis of homology with the prokaryotic helix-turn-helix proteins, our results demonstrate that sequences within the HD are responsible for DNA binding (Laughon and Scott, 1984) . Deletions of the En fusion delimit the region essential for DNA binding activity to 70 amino acids, beginning 11 amino acids N-terminal to the HD and extending through the first 59 amino acids of the HD (Figure 1 ). Since the Ftz protein has no homology to the 11 residues N-terminal to the En HD and yet binds the same DNA sequences, we conclude that the binding activity is specified by conserved amino acid residues in the HD. Consistent with this, other proteins, whose only homology to the En protein is within the HD, bind DNA with specificities related to the En HD ; R. Kostriken, personal communication; F? Beachy, M. Krasnow, L. Gavis, and D. Hogness, personal communication).
In addition, mutational analysis of the yeast MATa protein has roughly located its DNA binding activity to the HD (Hall and Johnson, 1987) .
Our deletion analysis suggests that the in vitro DNA binding specificity that we observed is intrinsic to the HD without influence from the remainder of the protein. In the natural gene products, this intrinsic binding specificity could be modified by interactions outside the HD (Sauer et al., 1979) .
Site Sequence and Repetition
Contribute to En Fusion Protein Binding to DNA The clustering of consensus sequences in tightly bound natural DNA fragments suggested that both primary sequence recognition and site reiteration might be important 
Nine residues corresponding to positions 42 through 50 in the homeodomain are predicted to constitute the recognition helix, based on the alignment proposed by Laughon and Scott (1984) of the homeodomain sequences with the helix-turn-helix motif of prokaryotic DNA binding proteins. Position 4 in the helix is always I or V. Since both of these amino acids are seen in prokaryotic bacteriophage proteins, yeast transcriptional regulators, MATal and MATa2, and also both Drosophila and vertebrate HDs, they appear to be equivalent alternatives. All 19 HD sequences compiled here are conserved at positions 4, 7, and 8, while the majority of the presently identified HD sequences differ only at position 2. The sources of the sequence are as follows: Antp, Ubx, and ffz (McGinnis et al., 1984b; Scott and Weiner, 1984) ; Scr (Kuroiwa et al., 1985) ; Dfd and AbdB (Regulski et al., 1985) ; zen (Doyle et al., 1988) ; zen2 (C. Rushlow and M. Levine, personal communication);
cad (Mlodzik et al.. 1985 (Mlodzik et al.. , 1987 Macdonald and Struhl, 1986) ; en (Poole et al., 1965; Fjose et al., 1985) ; inv (Coleman et al., 1987) ; 99B (B. Jacq, A. Fjose. and W. Gehring, personal communication); F 90-2, homeodomain of the lab gene (Hoey et al., 1986 ; and personal communication from A. Mahowald); rough (B. Kalionis and R. Saint, personal communication); prd, gsbl, and gsb2 (Bopp et al., 1986) ; eve (Macdonald et al., 1986) ; and bed (Frigerio et al., 1986 ).
for binding. Indeed, analysis of two synthetic versions of the consensus sequence differing by a single base pair shows that in vitro binding of the En fusion protein depends on primary sequence of the sites (compare NP and RP; first and third panels of Figure 5 ) and also on the number of repetitions of the site (e.g., compare NP and NPs in Figure 5 ). The improvement in binding seen with site repetition is not simply additive; the concentration of fusion protein required to protect an individual site from DNAase I is decreased lo-to 25fold by the presence of an adjacent site. This type of result, enhancement of binding by the presence of adjacent sites, has been used as an assay for cooperative interactions in binding (Hochschild et al., 1986; Brenowitz et al., 1986) . Unfortunately, the assay is ambiguous unless the form of the binding protein is known. Oligomeritation or aggregation of the binding protein could result in preferential interaction with fragments having multiple sites. Our /acZ fusions might exhibit preferential binding to multiple sites because P-galactosidase is a tetramer.
The clustering of binding sites near the engrailedcoding region is conserved in the distantly related D. virilis genome (Figure 3; and J. Kassis, C. Desplan, D. Wright and F! O'Farrell, unpublished data) . Because chance occurrence and conservation of such clusters is implausible, we believe that the clustering of sites is important and suggest that it is because regulators acting at this site bind cooperatively.
The DNA Binding Specificities of En and Ftr HD Are Related Here we have shown that a Ftz fusion protein binds to the same sites as the En fusion protein. This applies to "natural" and to synthetic sites. Even in a screen of more than one hundred "natural" and sites of high and low affinity, we failed to detect sites uniquely recognized by one of these fusion proteins (D. Wright, J. Kassis, C. Desplan, and P O'Farrell, unpublished data).
The En and Ftz HD sequences differ by 52%. Similarly, the HD of eve has diverged from both En and Ftz HDs by about 50% while also retaining a sequence specificity related to that of the En HD J. Treisman and C. Desplan, unpublished data) . On the other hand, the sequence specificity of yeast MATa2, which has a more distantly related HD (32% identity with the En HD), is not obviously related to that described here (Johnson and Herskowitz, 1985) . Consequently, we propose that the HD family of regulators will shown similarities in DNA binding specificity that parallel their similarities in amino acid sequence. From this we expect that HDs exhibiting higher sequence identity than the En:Ftz pair will exhibit very similar binding specificity. For example, the HD of invected(88Vo sequence identity with the En HD, Coleman et al., 1987) ought to have a specificity extremely similar to that of en. Perhaps differences in binding specificity of HDs will parallel differences in the putative recognition residues (Laughon and Scott, 1984;  Robertson, 1987) . Superficially, this seemed inconsistent with the interpretation made from our results, that Ubx and Ftz proteins should have similar sequence specificity be-cause they have closely homologous HDs (77% identity). However, precedents exist for dual sequence specificity of DNA binding proteins (Ross and Landy, 1982; Pfeifer et al., 1987) and indeed, binding experiments with the En and Ftz fusion proteins show that they are also able to bind this second sequence. Again, though showing related binding specificities, the two fusion proteins exhibit different site preferences. The Ftz fusion seems to bind to TAA repeats about as well as it binds the NP class of sequences, while the En fusion shows a preference for binding to the NP class.
A Network of Related Regulators
The observations here suggest that HD-containing regulators might compete for binding to sites. Since a number of eukaryotic regulators have been found to share overlapping binding specificities (Von der Ahe et al., 1985; Cato et al., 1988; Struhl, 1987; Franza et al., 1988) , we suggest the generalization that evolutionary duplication and divergence have created families of regulators with varying levels of functional homology. Consequently, it seems likely that many DNA binding sites will not have unique cognate transcription factors. Rather, competition among related binding proteins would govern which protein occupies a site and thus determine the ultimate effect of the site. Thus, the relative affinities of different proteins for different sites would play a major role in defining their regulatory specificity. This behavior would be analogous to the regulatory behavior of lambda repressor and cro. These related proteins compete for binding to the bacteriophage rightward operator and have opposing regulatory consequences (Ptashne, 1988) .
Many of the HD-containing proteins function to guide embryonic pattern formation. These related developmental regulators act in an elaborate network that proceeds through a cascade of steps. At each step, regulators are expressed in overlapping spatial distributions. These act in combinatorial codes to control the spatial pattern of expression of subsequent regulators. Accordingly, competition and cooperation among HDs might provide a tie that interconnects the component regulators in an integrated network.
Experimental Procedures
Plasmid Constructions The engrailed HD-/acZ fusion construct (A in Figure 1 ) is described in Desplan et al. (1985) : briefly, a BamHI-Hindlll fragment from the en cDNA (Poole et al., 1985) , containing the homeobox plus flanking sequences, was fused in-frame with the /acZ gene in a pUR290 vector (Ruther and Muller-Hill, 1983 ) opened at the BamHl and Hindlll sites of its polylinker. Construct B derived from construct A by splicing out a 32 bp Sal1 (cuts between codons 58 and 59 of the HD) to Pstl frag ment (see Poole et al., 1985) . The two sites were blunt-ended with T4 polymerase and ligated. The resulting open reading frame regenerates codon 59 of the HD, replaces the last codon of the HD (thr to ser), and immediately terminates. To create the fusions to the calcitonin (CT) gene (construct C and D in Figure l) , a Bglll-Bsml (Bsml site blunted with mung bean nuclease) fragment encoding part of preprocalcitonin (Le Moullec et al., 1984) was cloned into pUC8 opened at the Accl (blunt-ended with mung bean nuclease) and BamHl sites. In the resulting construct, pLac.Ct, a calcitonin-containing peptide is expressed under the control of the lac promoter. To create new fusion junctions in the en sequences, construct A was cut at the unique BamHl site (upstream of the homeobox), digested with Ba131 to resect the ends, then digested with EcoRl and blunt-ended by filling in with Klenow polymerase. The variousfragments were then cloned into the filled-in (with Klenow polymerase)
Hindill site of pLac.CT. Clones were screened by sizing the fusion proteins produced. The CT-En junctions of several plasmids were sequenced (Chen and Seeburg, 1985) . In construct C, the fusion occurs 11 codons prior to the homeobox.
In construct D, the fusion is located 41 codons upstream of the homeobox. The C-terminal part of these molecules is the same as in construct A. Construct E (Figure 1 ) is a deletion encompassing the C-terminal part of the En HD. The sequence coding for the HD was interrupted at the Bglll site (codon 47 of the HD), blunt-ended by filling in with Klenow polymerase, and fused with the filled-in Xhol site located nine codons prior to the stop codon of the en cDNA (Poole et al., 1985) . The resulting open reading frame (ORF) differs after codon 47 of the HD. Construct F is a deletion of amino acids 48 to 58 of the HD, inclusive. A Bglll-Sal1 fragment was spliced out of the construct A, and the plasmid was recircularized, after filling in the two sites with Klenow poly merase. The reading frame, after the deletion, is conserved to the end of the En protein.
The Ftz fusion protein (G in Figure 1 ) was constructed by fusing a BstEll (filled-in with Klenow polymerase)
to Hindlll fragment of the ftz cDNA (Laughon and Scott, 1984) to the lad gene of a pUR290 vector (Ruther and Muller-Hill, 1983 ) opened at the BamHl (filled-in with Klenow) and at the Hindlll sites. The resulting plasmid expresses a fusion protein that includes the 144 amino acids N-terminal to the HD, the 60 amino acid HD, and the C-terminal 97 residues of the Ftz protein.
For all the constructions, the fusion proteins were extracted as described in Desplan et al. (1985) .
The synthetic version of the consensus sequence (NP) was cloned into the EamHl site of M13mp18 as one or several copies (see Figure  4A ). The LPI, LPs, and all RP constructs were cloned in the BamHl site, while LPp, LPp' , LP.,, and LPI* were cloned in the Smal site. LPp' and LP4' are distinct from LP2 and LP.,, respectively, as described in the legend of Figure 4 . lmmunopreclpltation of DNA Fragments The technique is described in Desplan et al. (1985) . Each of the various M13mp18 DNAs containing the different versions of the consensus was digested with Hindlll, labeled with T4 kinase, and redigested with EcoRI. The excised fragments were purified on a 5% polyacrylamide gel. Various labeled purified fragments were mixed and incubated for 30 min at O°C with En or Ftz fusion protein extracts in 25 bl of binding buffer (50 mM NaCI, 20 mM Tris-HCI [pH 7.61, 0.25 mM EDTA, 1 mM DTT, 10% glycerol) with differing amounts of competitor DNA (in Figure  5 , the competitor is a mixture of oligomerized double-stranded oligonucleotides prepared from the sequence (TAA)5 and its complement; oliogomers of the NP sequence gave comparable results). The fragments complexed to the fusion protein were immunoprecipitated by addition of 0.5 ~1 of partially purified polyclonal anti-b-galactosidase antiserum (Cappel) adsorbed on 10 pl of fixed Staphylococcus (Pansorbin, Calbiochem).
The pellets were phenol extracted, and the DNA was ethanol precipitated and electrophoresed on 8% sequencing gels. The amount of protein extract used in this experiment was 2.2 vg per 25 PI for the En fusion and 3.7 pg per 25 pl for the Ftz fusion.
DNAase I Protection Assays Send-labeled DNA was incubated, for 30 min at OOC, with the bacterial extract (O-44 pg/sample for the En protein, O-37 pg/sample for the Ftz protein) in 25 ~1 of binding buffer with 1 mM EDTA. The mixture was then diluted to 200 11 with 10 mM Tris-HCI (pH 7.5), 12 mM MgClp, 2.5 mM CaClp, 1 mM DTT, 10% glycerol, and 10 pglml of carrier DNA (Calf thymus) and immediately incubated for 5 min at OOC in the presence of 250 nglml (for footprints of the en and ftz fragments) or 1 &ml (for footprints of the fragments containing the NP or LP sequences) of DNAase I (BRL). The reaction was stopped by addition of 200 ~1 of 40 mM Tris-HCI (pH 8.0), 20 mM EDTA, and 600 mM NaCl and then 400 ~1 of I:1 phenol-chloroform mixture. The DNA was ethanol precipitated from the aqueous phase and electrophoresed on 6% or 8% sequencing gels. Parallel lanes containing similar DNA treated with the chemical sequencing reactions of Maxam and Gilbert (1980) were also run on the same gels.
